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ABSTRACT

Ducting of a pulsejet is a means to keep the engine operating at flight

Mach numbers at which undacted conventional engines would not operate. It
also allows the primary engine to take advantage of the possible rem nrecom-
pression which is not utilized in the case of conventional pulsejets.

3 Since no methods are available to analyze in detaii the periodic flow
} phenomena that occur in engines of this type, some approximate method of

; performance calculation is required. Depending on the shroud configuration,
E mixing of the pulscjet exhaust with the remaining shroud flow mey or may not

teke place. In the latter case, methods of analysis developed for single-flow

g e

; engines may %e applied while in the former, only the equivalent steady flow
approximation appears to be feasible at the present time.

: Estimates are derived for the magnitude of the flow pulsations in the
3 f shroud and on the basis of this, a discussion of the equivalent steady flow

approximation is presented.

X re.

Unfortunately, it is found that only a rough estimate of the poten-

tial engine performance can be mede. However, from the performance computed

b for varioua conditions, it is possible to draw certain conclusions about the

E | merits of various configurations.
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I. INTRODUCTION

Succegsful operation of conventionsl pulsejets has so far been limited
to comparstively low flight velocities. As the velocity is increased, the
increasing ram pressure at the inlet valves reguires a higher combusticn pres-—
sure to keep the valves closed over a sufficiently long fraction of each cycle;
on the other hand, back flow thrcugh the tail exit and precompression are re-
duced and it becomes more and more difficult for the combustion process even
to maintain the pressures observed during static operation of the engine.

Eventuelly, the valves remain open for too great a fraction of each cycle and

in the vicinity of a flight Mach number of 0.6 the engine will cease to resonatéJ{

Attempts are being made to extend the useful operating range of pulse-
jets to higher flight Mach numbers. One such aporoach is to place the pulsejet
inside a shroud which is designed to keep the flow around the engine at a low
Mach number at all times. In a power plant of this type, known as a ducted, or
shrouded, ovulsejet, the detrimental pressure difference between rem pressure
at the inlet valves and static pressure at the tail pipe/igi;ractically elim-
inated and with a suitable shroud design it should therefore be possible to
keep the ergine operating 2t any flight Mach number. Furthermore, this scheme
allows the primery engine to make full use of the possible ram precompression
vwhich is not utilized in conventional pulsejets.

The schematic construction of a ducted pulsejet is shown in Fig. 1.

Air enters the shroud through the inlet diffuser where it is slowed down to &
low Mach number. Part of this flow is required for the operation of the
pulsejet and after being exhausted from the latter, mixes with the remaiaing

shroud flow. Finally, the gases are returned to the atmosphere through the

exit nozzle.
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Several variations of this banic configuratior mey be considered. The
pressure at the pulsejet valves is primarily detemmined by the flight velocity
irrespective cf whether or not the shroud is present. An alternative to the
completely ducted engine of Fig. 1 is therefore a type where only the teil pipe
of the pulsejet is submerged in a shroud; this configuration will be referred
to as tail ducted engine.

Mixing of the pulsejet exhaust with the surrounding shroud flow is not
always beneficial; therefore, the two extreme cases will be considered: (a)
engines with a shroud that is long enough to insure complete mixing, and
(b) engines where the shroud is so short that mixing is eliminated.

The intermittent action of the primery engine produces a periodically
pulsating flow that cannot be analyzed in detail at the present time and some
approximate method to estimate the potential performénce of the ducted pulse-
jet is therefore needed. Engines in which no mixing tskes place can be treated
essentially in the same manner as single-ilow engines and the method recently
given by Foa(2) may therefore be applied. In the cese of configuretions that
involve mixing, it seems that the only method of analysis that is available at
the present time is the Mequivalent steady flow"™ approximetion. This method
is based on the consideration that if the flow pulsations are sufficiently
small, the mean values of the flow parameters may be used to characterize a
steedy flow that would be equirsalent in its effects to the actual pulsating
flow in spite of the nonlinearity of the gasdynemics relations. Whether or

not such an approach would lead to reliable results in the case of the ducted

pulsejet depends therefore on the magnitude of the flow pulsations in the

shroud.




A previous investigation(s) was based on this concept of an equivalent
steady flow. In this prelimirary study this approach was, a priori, assumed
to be valid (see, however, foctnote on pege 20). In the following, an
estimate for the magnitud< of the flow pulsations in the shroud is derived and
on the tesis of this, & more detsiled discussion of the equivalent steady flow
epproximation is presented. Unfortunsarely, it is found that only a rough
estimate of the votentizl performance of the ducted pulsejet can be obtained.
It is possible, however, to reach certain conclusions sbout the effects of
flight spe=d and the merits of the verious shroud configurstions referred to
above,

4t the time of completion of this menuscript, a peper by Sgnger(4)
ceme to the author's attention which is a general study of ducted steady-flow
pover piants. A shori portion of the paper is also devoted to the ducted
pulsejet, however, without discussion of the velidity of this approach. Al-

though no direct comparison of results is possible, there is substantial agree-

ment on certain conclusions reached.
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II LIST OF SYMBOLS

The analysis of one—dimensional-flow problems i3 greatly facilitated
by the use of certain functions of the Mach number and tables of these
functions | . These functions are defined below where also & nvnber of iden-
tities and definitions are given that will be used in the course of the
calculations.

The following symbols and wunits will be used:

a  ft/sec speed of sound
A 47 cross sectional area
.c,, Btu/lb, °R specific heat et constant pressure
5D
r-! =
=M1 5 Mz)

stream force = ,,A * Mu

acceleration due to gravity

-
. - =1
= (l+rM2_)(/+'——-—’:2 ’M’)

heating value of fuel

ailr specific impulse = ——T— - Yt
am 9
fnel spezific impulse = @I,
uncertainty factor {defined in
Section IV.A)
nass
AM
air mess flow = . _Q: R AadAl
PAu 2 I
Nl 2T
/R T8

v BB DA K 2 s AR RSSOV 05 SO st it = e+
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M - Mach number = —%
Q
M - shock Mach number

(Mach number of the supersonic flow ahead of
e shock, relative to the shock weve)

M - Mach number of the subsonic flow behind a
shock relative to the shock wave

A - ratio of downstream to upstrﬁ stagnation
pressures across a shock wav
» 1b/£42 static pressure
P 1b/r4f stagnation oressure
7 B/’ - her % added per pound of air
‘ . =ass flow ratio = %’:ﬁ%
~. ft..7rg,”R gus constant
4  Btu/1b.%R specifir entropy
t sec. time
7 1b, thrust =  m (i, - 4,
w  ft/sec. flow velocity relative to power plant
v ft/sec. shock velocity relative to power plant
4 a - air/fuel ratio
;~ 7 - ratio of specific heats
% - combustion efficiency
w °r static tempersture
6 ©°Rr stagnation temperature
" o slug mess per cycle
5 p  slug/ftd gas density
.
o - = kR / R
4 T  sec. period of pulsejet oscillations
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Suoscripts
Subseripts 1, 2, 3.... etc. refer to flow cenditiens that ars identi-

fied in Figs. 2 and 4, respectively.

i initial shock weve in the tsil pipe of the pulsejet thati is

produced by an explosion in the combustion chamber
u upstresm moving shock waves
d dovwnstream moving shock waves
0 free stream conditions relative to power plent

4
t throat of the inlet diffuser equivalent
a exit of shroud inlet diffuser q steady flow
b inlet of shroud exit nozzle conditions
e shroud exit J
\

J pulsejet exit instenteneous
4 annular space of the shroud > valuse

at the location of the pulsejet exhaust
P characteristics of the primary pulsejet
n normel sea level conditions

() mass average of a parameter over one period of the pulsejet,
’ 2
eg., J = — A dm
P
2
< 3, time tverage of a parameter over one period of the pulsejet,
T
ot <po » Ll pa
J
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ITI THE MAGNITUDF OF THF FLOW PULSATIONS IN THF SHROUD OF A DUCTED PULSEJFT

O, I\T,‘cﬂ?‘,-%i "

Pressure waves in the shroud of a ducted pulsejet originete both at the
inlet velves and at the tuil exit of the primery engine. This Section repre-
sents an attempt to estimete the magnitude of the vsriations cf the stete and
flow parameters in the shroud.

The pressure waves zre reflected from verious points in the shroud and
superpose new weves created in the following cycles, until eventually, a periodic
flow field is established. Nonsteady flows in ducts ere usuaily studied by
means of the method of characteristics(s). This method, however, requires the
knowledge of the initial conditions in the duct which are not known in the
case of periodic flow phenomena. It is therefore necessary to assume an initial
steedy flow in which the oressure waves ere genersted. In the ceses considered
here, the extrene varietion of the slete and flow parameters cen then be es-
timated from the initisl waves of e characteristics diesgrem.

The flow in the inlet diffuser divides i:to two brenches thet merge
agein downstream of the pulseiet exheust. These "branched flows" were studied
using the relations that apply to one-dimensional fleows. The solutions beccme
therefore valid only et some distance framthe brenching points. The anelysis was
carried out separately for each branching point.

A, Pressure waves origineting et the nulsejet inlet

The lowest pressure end highest flow velocity at the pulsejet valves
occurs while the valves are open and inflow tekes plzce. Vhen the air-fuel
mixture in the comhustion chamber explodes, the valves close rapidly which
causes the pressure ahead of the valves to rise tc its maximum end the flow
velocity to drop to its minimum welue. The rapid pressure rise produces

oressure waves, treated epproximately as shock weves, thet =ro travelling

4
rryTTIe. ok e ST ANl R e eems A7 1nd W eae Bk s PedabileePua Y RARL '.z:,mf_._"mum,.vunyn&’_ﬁ:.\mv\:mﬂ
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upstream towsrd the shroud inlet and downstream around the pulsejet, respec-

tively. These waves and their paths in a time—position plene are indicated in
Fig. 2. It is assumed that the open valves do not block the flow at all so
that the velccity with which the flow enters the pulsejet is equal to that of
the flow arcund the pulsejet.

Let all perameters during the inflow period be denoted by subscript 1.

hfter passege of the waves, the modified parameters upstream of the inlet

R ———

valves and of the flow esround the pulsejet will be cheracterized by subscripts

2 and 3, respectively. The regions in which these subscripts apply are also

indicated in Fig. 2.
When the valves close, the area available to the flow contracts from

its initial value An,, to & value A; . The strength of the two shock

waves produced depends on the initial flow conditions and on the area ratio

As [Amax . ]
Let all velocities «w be measured relative to the duct and positive

in the downstream direction and let the speed of sound be denoted by a.
From the velocity (/, of the upstream moving shock wave, the shock

Mach number (i.e., the Mach number of the supersonic flow relative to the

shock} follows as

“ a, e, (1)

The Mach number of the subsonic flew behind the shock and relative to the

shock becomes

y Q) Q, ) (2) N
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Eqs. (1) and (2) combine o

L e A

a
My = (M, -m,) M (3)

T e BT T = PRy Wty 5

Nenoting the Mach number of the downstream moving shock by M, ,one

RS

obtainsg in the same way

= (M, + My E——ﬂd’ . (4)

L T e Y

Since the modif.ed flcw behind the two shock waves is egain steady,

the mass flow must be the same in regions 2 and 3 with the same velue of the

stagnetion temperature O . If the flow around the pulsejet is considered %o

be isentropic, the stagnation pressure P must 2lso be the éame in the two

regions and, therefore, the relation

Amax D2 = 'd_y Ds (5)

b AN AT YA 25

holds (see List of Symbols for mass flow).

il T

For any velue of 44, , the parameters #Z, , @./a; end /fa’ ,

% ik

and for any %, , the paremeters 2, , a3 /a, and 7 /;;’ can
be obtained from the Rankine-Hugoniot shock relaticns or from a table of

i these relations, e.g., reference 5. Auxiliary.graphs can then be prepared
on the basis of Eqs. (3) and (4) in which the parameters D, and

P, / p - /ﬂ) ( 7 /ﬂ ) are plotted versus .#{, and, similarly,
g D; and A / p, ~ versus M, for selected values of M, . SinceR =P

b

one may obtain from these graphs pairs of values 0D, and D; for any

value of Y/, . The area ratio A4; / Aipa~ that corresponds tc the assumed

value of ., follows then from Eq. (5).
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The results of these calculations are shown in Fig. 3 where the strength

AT MY 2

4 of the upstream travelling shock wave is plotted versus the area ratio A,,ﬂdmax,

for values of the initial Mech number A4, ranging from 0.2 to 0.5. The shock

strength is expressed both by the pressure ratio across the shock 2, //;% and

47T SR D S

by the shock Mach number _#¢, . For the two extreme values of M, , the cor-

Sin Sl

responding curves for the downstream travelling shock wave are also entered as

244

dashed lines.

In any actuel engine, the fraction of the flow in the shroud that is

not interrupted by the closure of the vslves, (4 //An"L,), will generally be

greater thau about 0.4, and the maximum Mach number at the exit cof the inlet

diffuser will probably not exceed 0.35. Under these conditions, the pressure

L T T R T S T P2 T T

ratio p, /’fz would be less than 1.30. Since the mean value of the pres—

K . sure would be somewhere near the middle of its range of variation, the ampli-
tude of the pressure oscillations could thus be estimated to be at most 15% of

the mean pressure and in meny cases it could be expected to be considerably

sm&aller.

E | B. Pressure waves originating at the pulsejet exhaust

The aree of the tail pipe exit of the pulsejet is denoted by Aj and
e the maximum shroud area again by A,.,, . As before, it is necessary to
3 assume a steady initial state. Let subscripts 1, 2, and 3 refer to the con-

ditions in the shro'.d downstreem of the teil pipe exit, upstream of the tail

el W G

pipe exit, and inside the tail pipe, respectively. Inflow into the tail pipe
of the pulsejet has practicelly ceaced just before the exhaust period starts -
and therefore the essumption is made that in the tail pipe the flow velocity
is zero and the temperature is equal to the stegnation temperature in the

shroud. 'The duct area that is available to the shroud flow suddenly widens at

|
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the location of the teil pipe exit so that the flow from region 2 to region 1
is not isentropic. The initiel pressure weve that is produced by the explosion
in the combustion chamber of the pulsejet is spproximated by a shock wave of
shock Mach number M. . The conditions in the tail pipe following the
shock wave are characterized by subscript 4 (see Fig. 4a).

The shock weve is reflected from the tail pipe exit &s an expansion
weve end the pr;ssure rise in the shroud is propsgated upstream and downstream
by two shock waves of strength .27, and 7%, , respectively. The subécripts
used in the verious regions efter reflection of the primary shock wave are in-—
dicated in Fig. 4b. The pulsejet exhaust mixes with the wodified shroud flow
and subscript 7 refers to the completely mixed conditions. Downstream of the
mixing region, end sepersted from it by an in‘erface, is the flow that has
been modified by the downstream moving shock wave (region 8). The path of

- the various waves in & time—position plane is shown in Fig. 4c which is drswn

in two parts to show the relation between the conditions downstream of the

pulsejet exit, and the flows in the tail pipe and in the shroud, respectively.
The problem i8 to find the strength _27, and _4t, of the created

:“ shock waves for a given configuration A4; /Cﬁnﬁax 5 initisl flow conditions,

and strength /14, of the initial shock wave. The celculations sre essen-

tielly similar to those used in the previcus Section but they are ccnsiderably
more lenghy since mixing of the exhaust jet and the shroud {low must glso be
considered. Solutions can only be obtained by a trigl and error procedure.

i Guessing the value of £ //73 and setting =P (unless the pulse-
: jet exheust becomes sonic or supersonic in which cese the exhaust Mach number
3 and not the pressure determines the wave reflection in the tail pipe) enables

one to compute the exhaust flow and the modified shroud flow upstream of the

Sttak e sio




tail pipe exit. Conditions 7 are then determined from standard mixing relations
for constant aree mixing. Across the interfsce that separates regions 7 and 8,
pressure and velocity do not change &nd either of these p;rumeters leads to the
1 strength /4, of the downstream travelling shock wave. Unless the two velues of
JUy thus obtaired coincide, the original guess must be modified until agree-

.

ment is reached.

LI R o

The results of these calculations are shown in Figs. 5 and 6. The com-
putations were limited to two geometrical configurations, namely,4j/64,nax = 0.6
H snd 0.4, respectively, which enclose the range most likely to be encountered in

actual engines. The initiel flow conditions were vrescribed by M, =0.1,
0.2 and 0.3, respectively, and the Mach number of the initial shock wave was

varied between 1.0 and 1.6 corresponding to pressure ratios 7 /}3 between

1 and approximately 2.8.

Fig. 5 shows that the upstresm moving shock waves are comparatively
weak. Their strength does not increase continuelly as the strength of the
initial shock increases but reaches a maximum value and then decreases again.
Qualitatively, this may be explained as follows: With increasing strength of
the initial shock wave, the pressure at the tail pipe exit would tend to rise
thus decelerating the flow around the tail pipe. At the same time the outflow
from the tail pipe acts as sn ejectsr jet in the surrounding flow, accelerating
it, and thus tending to decrease the strength of the upstream moving shock
wave, The maximum of the curves in Fig. § results from the interaction of
these two opposing effects. Actual:pressure measurements teken at & point
close to the tail pipe exit of sm;ll pulsejet mod<ls indicated that the ratio

between the maximum and the minimum pressure there is somewhat in excess of two™.

*These experiments were carried out with s small pu%afjet model (teil pipe di-

ameter of 8 in.). A condenser type pressure gauge was mounted one inch from
the teil pipe exit, and the pressure fluctuations were recorded by means of a
cathode ray oscilloscopa and a strip caaera.
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This would correspond to points close to the maxima of the curves in Fig. 5.
A For the required low values of M, , the corresponding values of A, would
then be extremely low. One is therefore led to the conclusion that in e

ducted pulsejet, the shroud flow around the tail pipe is practically brought

LA EY R L B P

to rest periodicelly by the exhaust from the primary pulsejet. Evidence sup-

porting this conclusion was obtained by experiments that are described in the

PEL Y v

Iy

Appendix.

In Fig. 6, the strength of the downstream moving shock wave is plotted

QI MNE S T AW s

versus the strength of the primary shock wave for the two analyzed configura-—

tions and verious initial flow conditions. As one would anticipate, the pres-

CRRCA= T Lty

sure fluctuations downstreem of the mixing region ere still quite large but
they are considerably smaller then those at the location of the pulsejet exhsust.

Their strength increases contimually with that of the primary wave.

IV ANALYSIS QF THE DUCTED PULSEJET

The schematic design of a ducted pulsejet was shown in Fig. 1 and pos-

givie variations of the shroud configuration have already been pointed out

P R

in Section I. Depending on whether or not mixing of the pulsejet exnaust with

the surrounding duct flow takes place, different methods of attack are re-
quired which ere based on certain assumptions and approximations that will be
discussed in the course of the analysis. Those assumptions, however, that

epply in elther case are collected here:

3 The air flowing through the engine is treated as sn ideal gas with
constant values of the specific heats. The effects of the mass of the in-

jected fuel are neglected. All flows are treated as one-dimensional.
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Since the primary purpose of this study is an attempt to develop a
method of performance analysis, losses do not occupy the important position
which they normally assume in engineering applications. For this reason,
loases dae to wall frction are not tsken into account since they would intro-
duce complications that are not considered justified at this stege.

Allowance for incomplete combustion is made; this merely requires a cor-
rection factor (combustion efficiency) to be applied to the heat released by
the fuel.

Shock losses at supersonic flight speeds reduce the stagnation pres-
sure that is availaeble at the pulsejet inlet from the free stream value
Bt P, « 0 . The value of & depends on the configuration under invest-
igation. If the shroud completely surrounds the pulsejet, as illustrated in
Fig. 1, it was shown in the previous Section that the strength of the up-
stream travelling pressure waves is quite small. It seems therefore reasonable
to assume that the shock losses in this case are essentielly the same as in a
steady flow with the shock located at the optimum position in the diffuser.

A1l calculations are based on a Kantrowitz-Donaldson diffuser(a) designed for
the flight Mach number considered. The throat Mach number for this diffuser

is given by the relation(s)ﬂk = 0.5787 A, vhere ¢ denotes the Mach number
function that is equal to the ratic of downstream and upstream stegnation pres—
sures of & shock wave., Thus, diffuser shock losses are allowed for by

setting G - N, .

In a teil ducted engine, the pressure waves created by the closing of
the valves cannot dissipate part of their strength in the flow around the

pulsejet. Shock losses are therefore larger in this case than in the pre-

vious one and they are assumed to be equal to those corresponding to a

-
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(2),(8)

normal shock at flight Mach number, as was done in previous analyses
In this case, one has simply & - #, |
The atmospheric temperature enters in the calculations. A value of
460°R (corresponding to an altitude of about 16,000 feet) is used but the
effect of deviations from a reasonable average temperature is quite
(2),(3)
negligible .

A. PFngines with complete mixing of the pulsejet exhaust with the shroud flow

The problem of deeling with periodic flowsin which the amplitude of the
pulsations is not negligible, is further complicated in this engine configura-
tion because mixing of two nonsteedy flows must alsc be considered. It seems
that, at the present time, the "equivalent steady flow" approximation offers
the only possible approach.

It was shown in the previous Section that the upstresm travelling pres-
sure waves in the shroud are quite weak and the use of steady~flow relations
seems therefore justified for the flow in the diffuser exit - station a (Fig.l).
The average values of the flow parameters at this stetion will be denoted by
subseript a.

At station b which i8 located at that section of the shroud where mix-
ing is completed the flow pulsations are still of considerable magnitude. If
one imasgines now an extremely long extension of the duct, the compression and
expansion waves in the flow would gradually overtake and cancel each other and
all temperature gredients would disappear due to heat conduction betwsen gas
layers of different temperatures. Thus, the flow would ultimately become
steady although its entropy would then be higher than the mean entropy of the
completely mixed but still pulsating flow. The use of the Mequivalent steady
flow" approximation for the exhaust of the ducted pulsejet should only be con-~

sidered in those cases where it can be shown that the additional entropy rise,
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due to the flow becoming steady, is small compared to the mean entropy rise
that the air undergoes from the free stream condition to the completely mixed
but nonsteady state at station . Since this additional entropy rise can only
be computed for specific cases, an arbitrery flcw with pulsations of a rezson~
able magnitude must be assumed. The following cyclic variations of the fiow

parameters were chosen:

£ . 1 02 cos 27l
z e

sls

=26(1+05 om
( cos ,a.)

M = 0251 +0.4c052n1> .
/(//

Since the mean entropy is determined by the mass average and not by the time

average, the above parameters are given as periodic functions of the mass m

that has passed the station since the beginning of the cycle. The mass of air
for one complete cycle is denoted by A
If the entropy level of the free stream is teken as zero, the entropy

of any mass element is given by

A ol 7’1 P
— = U — = = L 6
Cp A 7 £ (6)

and the mean value of the entropy is then given by

/ Y
Z -—fAdm .
)/ ()

If the values for the state parameters are substituted hers, the
integral may be eveluated numerically. For the assumed flow conditions th~
result is .2 /o, =0.7681.
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Subseript & will be ussd to denote the parameters of the equivelent steady
flow which must be determined from the mean values of mass flow, energy flux and
stream force since these three quantities must be the same for the steady and
pulsating flows if they are to be considered equivalent.

The mass {low rﬁb is given by

" AL
m B e——
boT (8)

vhere T , the period of the oscillations, follows from the relation

T - /‘dm _ R?)‘ dm
0 “ b mmﬂV M(f’/f’a . (9)

The mean mass flow may therefore be obtained in the form

Q‘y‘;’ mb ( /7;' e dm)-l
Y, r Amay /“‘ M(P/ﬁ) (10)

The stagnation temperature of the equivalent steady flow ie obtained

from the condition that the energy flowing past a section during one cycle

must be the same at all sections, or

/u,Qb 'fgdm-

It follows from this that

—— M? } dm.
"uu, (11)

sle
1]
:\
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The stresm force f,  being derived from the momentum equation, must be 3
obtained from the time average of the varisble stream force F . In order to »
evaluate this time average, it must be transformed first into a mass average
since the flow paremeters were given as functions of mass rather than time.

One can write for the mean stream force

where the last result is derived by expressing both F and m in terms of

3

13
v
S
A
>
2
Y,
5
=
3

-
o

the given flow parameters. If one substitutes here for T the value from

R gyl

Eq. (9), ons obtains fiually

rb . >~ -
7 Amar J/“f‘ iy ’ (12)
L Mp/g) T

The right hand asides of Eqs. (I ), (11), end (12) can be evaluated by

substituting the given flow paramet:rs and integreating numericaliy. Becausse

of the identities (see List of Syubols)

Ry 2. (b, /p,)

=

T 2 Amax Jeb 7 (10a)

and

Fa G, P,
—_—tb . b b
y A Amax fo (12e)

one can sclve Bgs. (10), (104}, (11), (12), end (3%) first for N, =0, /G,
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(5}
and then by the use of tables of thess Mach mumber functions also for

Py /g. From this last quantity and Fq. (6), the entropy of the flow may be
corzputed. The ansumptions made abo7c for the flow parameters legd to a value
Aﬁ/Q? = 0,852 which must be compared with the mean entropy of the pulsating
flow of 7 /¢, =0.781.

In this case, which is helieved to be fairly representative, the addi-~
tionel entropy rise due to the flow becoming steady in the hypothetical duct
extension is therefure less than 10 percent of the mean entropy rise that the
air undergoee frem free stresm conditions to the exhauet of the ducted pulse
jet. The significence of this entropy error may be evaluated by mesns of a
relatirn, derived by Foa€2), vhich expresses the entropy rise through a
pulsejet as function of the air/fuel retio, combustion efficiency, and mode
of combustion (approximated by the exponent of & polytropic process). Using
this relation, it can be verified thet the combined effect of the unavolids le
uncertainty of these parameters on the entropy rise in the engine is of the
same order of magnitude as the entropy error introduced by the "equivalent
steady flow" approximation.

On the basis of these entropy considerations alone, the use of steadr
flow relations for the engine exhaust would thus lead to results that ar
somewhgt conservative. On ?he other hand, the thrust that is developed by
a stea?y flow is always higher than that of a pulsating flow (£ same energy
flux(QI: These two ~Tfects nelther of which is large thus tend to cancel
eack other in their influence on the computed performance and it seems there-

fore justified to treat the oxheust of a ducted pulsejet in terms of steady-

fiow relations.
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In the course of the following cnalysie, it will be possible to comoute
the me=an values of mass flow and energy fluz from the given data. However, the
everage strean force will only bs cbtained as sn approximetion. The reasons
far this <111 be discussed below and the uncertainty of the stveam force will
ve expressad by a factor appiied to the computed average velue.

It is now pessible to build vp 2 method of performence analysis for
thz ducted pulsejot. In additicn to the general conditions listed at the be-
ginning of this Hection, it is necessary to meske assumptions for the perforsunce
of the unducted pulsejet. Let T, Ue the thrust of the pulseiet under the con-
ditions preveiling inside the shroud, and Tp,  the thrust of the same 2ngine
at a flight velocity correspording to the mean Mach numher of the shroud flow
but under standard sea level conditions (2&;, Pn ). It may be zssumed in
reasonably good agreement with observat.ions(1 thet the thrust is proportional
to the densitr of the surrounding eir and because of tne low Mach numters of the
shroud fiow at stetion ¢, one mey with suSficient accuracy teke the stagnation
instead of the static density at this stetion.

If 4; denctes the area of the pulsejet exhaust, the retio T, /4;
is one of the performence perameters of the primery pulsejet that must be

%
assuweed. The thrust inside the shroud mey therefore be expressed in form

R ¥
7;; - Tpn —93. .—..P-'._
Q n

*The thrust T, 18 here defined as the chenge of momentum transpert of the air
tha$_-lows through the engine. In the previous snalysia of the ducted pulse-
ot ’, the seme value of 7, was iacorrectly taken as the change of momentum
transport including the flow around the engine. Since the contribution of the
shroud flow, which will be determined in the following, may be a considerable
drag, the resulis of the previoue analysis mvat be considered as too optimistic.
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vf?oAma.x Aj Amax Pn 7 2 (18)

The fuel specific impulse [, and the air/fuel ratio @, of the
primary engine are assumed to remsin unaltered when the engine is operating
inside the shroud. Then the air specific impulse J,, which is given by the
ratio Iyp /ap also remsins constent and the mass flow through the pulsejet,
may be celculated from the relation between these parameters

P
\ h‘)P >¢V y

and the thrust of the «ngine {see List of Symbols) as

< mJ >0v - Tp /f} Amax (14)
%o Amax 9-[¢'zp

The design of the shroud is characterized not only by A4; /',d..,,a x
but also by the iniet and exit configuration. These conditiors determine how

much of the mass flow that enters the shroud passes through the pulsejet,

< m; dav, &nd liow much flows around it, <r>'*;4>‘W . Tre ratio
<imy2,
r = = ——— L4 (15)
<mj >au

thus represents a design perameter thet nay be given an arbitrarily selected
value.
It is now possible to calculate ell flow parameters at station e
sinca P, - 0B , 6, = 6, and ry, /g Amax =(i‘r')<n‘7j>w/,o, Amax .
The aversge stream force in ths mixing region of the shroud is made
up of two parts, namely, the stream force of the pulsejet exhaust <F >,

and the contribution of the duct flow around the pulsejet </, >

Qr

-2 -
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The following definitions apply

1Y%
!
<o = A <pa, * <Mjujda, = Ai<pa. +;:‘/n‘u uj dt (16)
/ r
To = ?—fri:,- u; dt = <mjl, Ug - (17)

If viscous flow losses in the shroud are neglected, the flow from
station a to station .4 1is isentropic so that the mean Mach number may be

computed from the relation

r
(Amax = 4) <Deday = Amax =77 Oa (18)
from whiecn < [,>,, and a corresponding mean Mach number M, ..., is

obtained.
Since thae shroud diemeter is smell compared to the wavelength of the

pressure waves cne mey take the pressure at the location of the pulsejet ex-

hsust as uniform across the entire section, or B =p and thus set
P
< 70) bl 2
yrey g1 2 Lo (29)
) (1 2 My mean )TL'

‘These relations are somewhat uncertain not only beczuse losses in the
rather narrow pascage between shroud and pulsejet havé been nuglected but
also because the uninown wave form of the ayclic variations of the parsmeters
intmduces an error in the computetion of the mean Mach number. An allow-
ance for this error will be made by an uncertainty factor applied to the com—

puted mean atream force. In this manner, the seriousnee.. of any srror
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introduced by this approximation may be evaluated by its effect on the final
results.

When Egs. (16), (17), and (19) are combined, one obtains

i

' <F> A B -1 il 7, <myo, u
g j4w =A_J" o (I*J‘Z Mjmean) * Ap ’ JA = . (20)
< 2 Cmax ma x A ﬂ max  Fr “max

The stream force contribution of the shroud flow is given by
:
; CED. R A; )
3 v o= o=(1~ G o
% Amax ? Amax “mea (21)
5 and therefore the stream force of the completely mixed flow is given by
: o .4 ( Flu , B2 ) (22)
5 Y4 Ama.x A Amax b4 Ama,r 7

vhere 4 is the uncertainty factor just referred to.

The stagnation temperature &, may be directly obtained from the free

R 01 8 R AT A Tt

stream value &, and the ahount of heet added to the entire flow per pound of
i air, g.
This parameter is given by g = hy, /a- vhere h and e
i denote the heating value of the fuel and the combustion efficiency, respectively.
1 the over-all air/fuel ratio « 1is related to the air/fuel ratio of the pulse-
3 jetby a = @ (1 +_«), =d 6, 1is therefore given by
1 6, -6+ h n. . (25)

@p <p (1 )
Having computed the streamforce, mass flow and stagnation temperature
at station b, one may obtain all other flow parameters in the same manner as
- vas done in the example earlier in this Secticn. The fiow at the exhaust

nozzle, station € (Fig. 1), is essily obtained since the flow frum station b

- 25 —
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to station ¢ may be treated as isentropic. The exhaust pressure is atmospheric .

and all flow perameters may therefore be obtained from the conditiona

Qe"eo
R - AR
0 ’

Once the exhaust conditions arv known, the air and fuel specific impulse

mey be computed from the relations

ktgm T T (2
and
I < aly = @ (1wl (25) :
From the definition of the air specific impulse, the specific thrust :
follows as
T m
2, Amax =9 Y Ajna.'x Le

’
Substituting (/ +/u.)<rh,>nv€or m, and then eliminating<m;3 by means

of Eq. (14), one obtains the specific thrust of the engine in the form

T ( A; 1, T
) = (1 + )] ) 2 P (26)
: £ Aman EETRTRY

vwhere the factor p, not only makes the equation nondimensional but also

repregsents the effect of altitude on thrust.
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B. Engines without mixing of the pulseiet exhaust with the shroud flow

If the shroud is made so short that no mixing of the pulsejet exhaust
with the shroud flow takes place, the latter does not contribute directly to
the thrust produced except for a drag due to losses in the duct. Except for
these losses which will not be considered here, the shroud merely acts as a
device that allows the pulsejet to operste with full utilization of ram precom-
pression. Pulsejets operating under this condition were analyzed by Foa(z)
end his method thus applies also to the case under consideration here.

In this method, combustion is approximated by a polytropic process but
the value of the polytropic exponent depends greatly on the design of the
pulsejet and cannot be determined theoretically at the present time. Howevzr,
in Section 1IV.A the performance of the primary pulsejet at low flight Mach
numbers had to be assumed and the walue of the polytropic exnonent was therefore
determined from the condition that it would lead to a fuel specific impulse that
is in agreement with the assumed value at a flight Mach number arbitrarily taken
as 0.3. Although Foa's analysis includes an allowance for friction losses and
also for variations of the specific heats, these effects are not teken into
account here in order to keep the results comparable with thoss of the previous
Section.

Unfortunately, this method does not allow the thrust of the engine to
be determined and the work had to be limited to a calculation of the specific

impulse values.
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V. RESULTS OF THE ANALYSIS AND DISCUSSION

The results of the computations presented below are based on a per-

formance of the primary pulsejet prescribed by

7 ek S0l TR ST

T, /A = 360 1b/ft?
a, = 30
: Iip = 1200 and 1800 sec.

These velues were selected as corresponding to an average pulsejet.

The shroud design will be characterized by
I Aj /Amax =006

M =2,
Other constants used throughout the computstions sre:

—— n——

e e -

; h = 19,000 Btu/1lb.
o e ~ =0.9
: ! ” = 2120 1b/tt?
» = 518 °R
U4 = 460 °R
R = 1718 ft.1b/slug °R
% = 0.240 Btu/slug, °R
r = 1.40 -

} ) Fig. 7 shows the fuel specific impulse plotied versus flight Mach

- number for completely ducted and tail ducted engines with and without mixing

5 of the pulsejet exhaust with the surrounding flow; the Juel specific impulse

- of the primary engine is taken here &as 1200 seconds and the parameter £
which was introduced to allow for some uncertainty in the shroud flow is given

% the values 1.0 and 0.9, respectively. For comparison, the performance of a

. e mmen g =
e
¥4
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ramjec computed according to the method of reference (2) is also included in
the figures. It is based on the same over-all air/fuel ratio and the same as—
sumptions for losses that are used for the ducted pulsejet. Fig. 8 gives the
same plot but is based on a primary engine for which the fuel specific impulse
is 1800 seconds. 1In Fig. 9, the specific thrust divided by the atmospheric
pressure is plotted versus flight Mach number for the case Iy = 1200 sec.
This figure refers only to configurations with complete mixing. As pointed out
before, the analysis in the case of no mixing allows only the specific impulse
to be determined but not the thrust.

It is seen that the computed performance date are quite sensitive to
comparatively smell devietions of £ from unity. It does not seem possible
at the present time to obtain accurate values for £ and for this reason,
the presented velues can only be considered as rough estimates of the poten-
tial performance of the ducted pulsejet. However, general trends may be noted
end the following conclusions drewn from the results:

The esugmentation effect due to mixing of the shroud flow with the
pulsejet exhaust is very apprecisble except in the range of lower flight Mach
numbers. It is the more importent the poorer the performance of the primary
engine. At low flight Mech numbers, the primsry pulsejet of an engiie in
vhich mixing takes place, acts as an intermittent ejector; instead of utiliz—
ing rem precompression, it operates at a pressure that is below ram pres—
sure and may even be lower than atmospheric pressure. The advantage of the
increased mass flow is then more than compensated by the mixing losses except
for possible thrust augmentation et ststic operstion or at extremely low
flight velocities. The analysis, in the presented form, does not apply to

this mode of operation and since the high-speed range was of particular
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interest, it is the only one considered here. The above conclusions are in

agreement with similar ones reached by Sgnge$4)»

For subsonic flight Mach numbers, the analysis leads to the same re-
sults for a completely ducted and a tail ducted engine because any difference
would be due to a difference of friction losses in the two configurstion that
have not been considered. In this range of flight velocities, the tail
ducted engine would therefore be more promising because the losses in the nar-
row passage between the pulsejet combustion chamber and the shroud (see Fig.l)
of a completely ducted engine would be avoided. Furthermore, & tail ducted
engine might be constructed with & smaller frontal area than a completely
ducted engine for the same ratio A; / A,

Shock losses of a completely ducted engine are lower than those of a
teil ducted one. This may offset the initial adventage of the latter config-
uration and may maxe tre completely ducted pulsejet the superior engine in
the range of supersonic flight velocities.

At high Mach numbers, the performance of a ducted pulsejet in which
mixing takes place is not much different from thet of a ramjet operating at
the same over-all eir/fuel ratio. However, for decreasing flight Mach numbers,
the performance of the remjet falls off faster than that of the ducted pulse-
jet. This ghows that at high flight Mach numbers, the ducted pulsejet is
simply a ramjet in which the "flame holder® contributes & smsll thrust (or
even & drag) while at low flight Mach numbers the cherecteristics of the
conventional pulsejet become more apparent.

The specific thrust of the ducted pulsejet operating with complete
mixing of its exhaust with the shroud flow may.reach fairly high values
although not as high as those that could be obtained with a ramjet operating
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- ameters (e.g., ‘he mass flow ratio) apply only at the design Mach number and

Ty

at an air/fuel ratio closer to stoichiometric, or with a turbojet. The main ‘
adventage of the ducted pulsejet would seem to lie in its capability of produc-
ing useful thrust at low flight velocities when compared to the remjet, and in
its simplicity when compared to the turbojet.

It was pointed out before that in the case of engines in which no mix-—
ing takes place, ducting merely represents a scheme to obtein pulsejet
operation with full utilization of rem precompression. 4n unducted engine work-—
ing under the same conditions would have the advantege of considerably smsller
size for the same performence but no method to achieve this has been success—
fully demonstrated so far.

The ~omputed performence data refer to engines that are designed for

the Mach number under consideration. The selected values for the design par-

assume different values &t other Mach numbers. The curves thus represent the
potential performence at any Mach number and not the performence of an engine

of fixec .nfiguration. It appears desirestle, however, to have the shroud ad-

justetle in flight to permit utilization of mixing only in the renge of Mach
numbers in which it is advantsg-ous.

No test data for ducted pulsejets are available that could be com-
pared with the presented results. Such tests would not only have to yield
information about thrust and fuel consumption but would also have to supply
details of the internal flow conditions since without the latter, any com~
parison between theory and zxperiments would be meaningless.

Although it has not been possible to make accurate predictions regard-
ing the potential performance of the ducted pulsejet, the results indicate
that this engine type could find use in applications involving high subsonic

- and low supersonic flight velocities.
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VI APPENDIX

Some Experimentel Studies of the Flow Inside the Shroud near the Tail Pipe Exit
of the Pulsejet

Two different experiments that had been performed in the early phases
of this program effectively supported the conclusion reached in Section III.B,
namely, that the flow around the tail pipe is practically brought to rest
periodically by the intermittent exhaust from the pulsejet.

The first experiment was based on the anslogy between surface gravity
waves in shallow water and pressure waves in ducts(S). The model of a tail
ducted pulsejet was set into & tank of shallow water the depth of whizh was
approximately 0.5 inch. Periodic waver leaving the tail pipe were produced by
an electrically driven pendulum that was submerged in the "combustion chamber™.
The flow was visualized by small droplets of ink on the water surface. At the
correct frequency of the pendulumlan intermittent jet was fonmed(g) which in-
duced flow through the shroud by drawing particles from the shroud into the
tail pipe and then ejecting them downstream. It could be clearly observed that
the particles on the outside of the tail pipe moved intermittently with definite
stops in their motion.

In & second experiment, the tail pipe of & sma’! pulsejet was surrounded
by a transparent duct. The exhaust agesin induced a pulsating flow that was
visuslized by strongly illuminated smoke particles. High speed motion pic-—
tures taken at about one thousand frames per second also demonstrated the
inflow into the tail pipe and the intermittent motion of the particles on the
outside of the tail pipe, particularly of those that were close to the

pulsejet walls.
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